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ABSTRACT
We report the analysis of JHKs light urves of the elipsing dwarf nova IP Peg in quiesene. The light
urves are dominated by the ellipsoidal variation of the mass-donor star, with additional ontributions from
the aretion dis and anisotropi emission from the bright spot. A seondary elipse is visible in the J and
H light urves, with 2% and 3% of the ux disappearing at minimum light, respetively. We modeled the
observed ellipsoidal variation of the seondary star (inluding possible illumination eets on its inner fae)
to nd a mass ratio of q = 0.42 and an inlination of i = 84.5o, onsistent in the three bands within the
unertainties. Illumination eets are negligible. The seondary is responsible for 83%, 84% and 88% of the
ux in J , H and Ks, respetively. We tted a blak body spetrum to the JHKs uxes of the seondary star
to nd a temperature of Tbb = 3100± 500 K and a distane of d = 115± 30 p to the system. We subtrated
the ontribution of the seondary star and applied 3-D elipse mapping tehniques to the resulting light urves
to map the surfae brightness of a dis with half-opening angle α and a irular rim at the radius of the bright
spot. The elipse maps show enhaned emission along the stream trajetory ahead of the bright spot position,
providing evidene of gas stream overow. The inferred radial brightness-temperature distribution in the dis
is at for R < 0.3RL1 with temperatures ≃ 3500K and olors onsistent with those of ool opaque radiators.
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1. Introdution
The shape of the seondary star in atalysmi variables
(CVs) and low-mass x-ray binaries (LMXBs) is dened by
its Rohe equipotential surfae. Modeling the ellipsoidal
variation produed in the light urves of these binaries by
the hanging aspet of the distorted seondary star with bi-
nary phase provides onstraints on the orbital parameters
(e.g., Warner 1995) and yields an estimate of the ontribu-
tion of the seondary star to the total light.
Unlike visible and ultraviolet light urves, whih are
dominated by emission from the dis and bright spot, the
near-infrared (NIR) light urves of CVs and LMXBs have
signiant ontributions from the ool seondary star. The
determination of the seondary star ux in a set of wave-
lengths allows a diret estimate of its spetral type and
also opens up the possibility of inferring the distane to
the binary by means of photometri parallax. Furthermore,
knowing the ontribution of the seondary star to the light
urve allows one to isolate the light from the aretion dis
and to apply elipse mapping tehniques (e.g., Baptista &
Steiner 1993) to investigate the dis struture in the in-
frared.
⋆
in memoriam
IP Peg is a relatively bright (V ≃ 14.5mag), long period
(Porb = 3.8 hr) dwarf nova showing reurrent outbursts ev-
ery few months in whih the system inreases its brightness
by ≃ 2 mag in the visible. The binary is seen almost edge on
(inlination i > 80o) allowing for elipses of both the white
dwarf/aretion dis and the seondary star, as well as of
the bright spot (hereafter BS). Optial and ultraviolet (UV)
light urves of IP Peg are dominated by anisotropi emis-
sion from the prominent BS, making it hard to onstrain
the system parameters (e.g., Wood & Crawford 1986) and,
therefore, diult to apply elipse mapping tehniques to
investigate its aretion dis struture. Szkody & Mateo
(1986) found evidene of ellipsoidal variations in JHKs
light urves of IP Peg. Froning et al. (1999) [hereafter F99℄
found a pronouned double-hump modulation after sub-
trating the ellipsoidal variation of the seondary star from
their H band light urve. Their elipse mapping analysis
indiates that the aretion dis is ool with a at radial
temperature distribution (Tbb ≃ 3000 K) in the H band.
This paper reports a multiolor study of IP Peg in the
JHKs bands. Setion 2 presents the observations and data
redution. Setion 3 desribes the proedure used to t the
ellipsoidal variation and the appliation of 3-D elipse map-
ping tehniques to the light urves after we subtrat the
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ontribution of the seondary star. The results are disussed
in Setion 4 and summarized in Setion 5.
2. Observations and data redution
IP Peg was observed with WHIRCAM (Hughes et al. 1996)
at the 4.2m William Hershel Telesope in La Palma on
1996 Otober 26-29, while the system was in quiesene.
The observations omprise 3 orbital yles in the H band,
and a bit less than 1 orbital yle eah in the J and Ks
bands. All runs were performed in good weather with bright
moon, but no louds. The seeing ranged from 1.0 to 1.6.
The exposure times were of 1-3s (H) and of 3s (J and Ks).
The observations are summarized in Table 1.
We used a dithering proedure to estimate the ontri-
bution of the sky bakground, nodding the telesope in a
ve-position square pattern (enter plus four orners). The
sky level was obtained from the median of the ve images
of eah set and was then subtrated from eah image of the
set. A series of dark images, with the same exposure time
as the siene frames, were obtained during the run at in-
tervals of ∼ 1 − 2 hrs. These images were used to remove
the dark urrent of the hip. Corretion of at-eld eets
was also performed.
Data redution was performed using APPHOT/IRAF
1
aperture photometry routines. The frames of eah dithering
sequene were aligned with an interative proedure based
on the IRAF 'register' task and ombined to inrease the
signal-to-noise ratio (S/N) of the measured stars. The non-
linearity of the detetor was orreted using the 'irlinor'
routine in the CTIO pakage. Fluxes were then extrated
for the variable and for a omparison star 7.4′′ North and
7.5′′ East of the variable.
Dierential light urves (target star ux divided by om-
parison star ux) were omputed. The light urves were ux
alibrated using the 2MASS JHKs zero point onstants
(Skrutskie et al. 2006) and the absolute magnitudes for the
omparison star (J = 9.82, H = 9.56 and Ks = 9.48).
No olor term orretions were applied. The data were
phase-folded aording to a modied version of the linear
ephemeris of Wolf et al. (1993),
Tmid(HJD) = 2445615.4156(4)+ 0.15820616(4) · E, (1)
were Tmid is the time of inferior onjuntion of the se-
ondary star. The resulting light urves an be seen in Fig.
1. The H band data were ombined to improve the S/N of
the light urve. The J and Ks band data do not over the
full orbit of the binary.
3. Data analysis
3.1. The white dwarf elipse width ∆φ.
The optial study of Wood & Crawford (1986) leads to a
white dwarf elipse width in the range ∆φ = 0.086− 0.092.
The unertainty in estimating ∆φ arises from the fat that
the white dwarf elipse ingress in IP Peg is veiled by the
muh more pronouned ingress of the BS elipse and by the
1
IRAF is distributed by the National Optial Astronomy
Observatories, whih are operated by the Assoiation of
Universities for Researh in Astronomy, In., under ooperative
agreement with the National Siene Foundation.
Table 1. Journal of the observations.
Date band start No. of Elipse
1
phase
1996 (UT) frames yle range
10/26 H 19:00 1362 30138 -0.86,+0.50
30139 -0.50,+0.20
10/27 H 20:00 760 30144 -0.28,+0.56
10/27 Ks 23:16 590 30145 -0.42,+0.24
10/28 J 19:15 1212 30150 -0.15,+0.50
30151 -0.50,+0.34
1
- with respet to the ephemeris of eq.1
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Fig. 1. Light urves of IP Peg with modeled ellipsoidal vari-
ation added to the inferred (onstant) dis ontribution to
t the data. Vertial dashed lines mark the ingress/egress
phases of the white dwarf for an elipse width of ∆φ =
0.0918 yles.
large amplitude ikering seen in optial light urves prior
to BS ingress.
In order to rene the value of ∆φ, we employed an iter-
ative proedure, assuming binary parameters derived from
the t of the ellipsoidal variation (Set. 3.2) and applying
the orresponding phase oset φ0 needed to make the ob-
served white dwarf mid-egress feature oinident with phase
∆φ/2. The proedure searhes for the pair of (∆φ, φ0) val-
ues that yields the best χ2 for the model light urve. This
iterative proess onverges to a solution with ∆φ = 0.0918
and φ0 = +0.01, onsistent with the upper limit of Wood
& Crawford (1986). We use the J band light urve in this
proess beause it shows learly the white dwarf egress, un-
like the H band light urve. The Ks band light urve was
not used for this proedure beause of its lower S/N and
redued phase overage. Beause the white dwarf egress
feature is present in both J band elipses, we may safely
exlude the possibility that the observed feature is due to a
iker/are from the dis. The light urves shown in Fig. 1
were orreted by the derived value of φ0 in order to make
mid-elipse oinident with phase
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3.2. Fitting the ellipsoidal variation.
The ellipsoidal variation is modeled with the aid of a light-
urve synthesis program, whih omputes the ux emitted
by a Rohe-lobe lling star as its aspet hanges with binary
phase. The surfae of the Rohe lobe lling star is divided
into a large number of tiles. The ux emitted by eah tile is
modied to aount for gravity- and limb-darkening eets.
We used the gravity-darkening oeient of Sarna (1989),
β = 0.05, and adopted the non-linear square-root limb-
darkening law of Diaz-Cordovés & Giménez (1992),
I = I0(1 − a(1− cosγ)− b(1−√cosγ)), (2)
where γ is the angle between the line of sight and the normal
to the surfae of the tile, and I0 is the intensity emitted
normal to the tile surfae. We assumed aJ = −0.465, aH =
−0.454, aK = −0.448 and bJ = 1.199, bH = 1.173, bK =
1.066 (Claret 1998).
In order to aount for both limb and gravity darkening
we need to adopt values for the temperature Tpole and grav-
ity gpole at the pole of the star. Using a proedure similar
to that desribed by F99, we tested a range of physially
plausible values varying Tpole from 2800 to 3200K and logg
from 3.5 to 5.0. The results were rather insensitive to the
hoie of parameters, exept for the Ks band in whih the
program only onverges for values of Tpole = 3000− 3200K
and logg = 4.5. We then deided to adopt Tpole = 3000K,
log g = 4.5 and solar metalliity, sine these values are in
better agreement with those in the literature (Szkody &
Mateo,1986; Leggett, 1992; F99).
The parameters tted by the ellipsoidal variation ode
are: mass ratio (q), binary inlination (i), the peak intensity
of a spot at the inner hemisphere of the seondary star
relative to the mean intensity at the star's surfae (Is/I0),
the orientation angle of the spot with respet to the line
joining both stars (ps), a phase-independent additive ux
level , and the ux of the seondary star at phase zero (Fs).
The program minimizes the χ2 between the observed light
urve and the ellipsoidal variation model for a given set of
parameters with an amoeba minimization sheme (Press et
al. 1986). Alternatively, it is possible to t a phase oset
that minimizes the χ2 of eah set of parameters (see Se.
3.1).
The NIR light urves of IP Peg show ontributions from
other soures apart from the ellipsoidal variation of the se-
ondary star. As a rst step, we removed only the phases
overing the primary and seondary elipses from the light
urve before attempting to t the ellipsoidal variation. This
leads to hard-to-onverge, unrealisti solutions whih un-
derestimate the hump at phase +0.75 and overestimate the
hump at phase +0.25 in the J and H bands. The dierene
in brightness is larger in the J band  where the asymmetry
in the elipse shape aused by the BS is larger  and disap-
pears in the Ks band, whih shows almost no evidene of
the BS in the elipse shape. This indiates that anisotropi
emission from the BS ontributes signiantly to the hump
entered at phase +0.75. We therefore deided to omit the
phase range [+0.6;+0.9], as well as the primary and se-
ondary elipses, from the tting proedure. With the new
restrition, it was possible to t a model light urve to the
data of all bands.
Table 2 lists the results of the tting proedure. The
model light urves are shown as solid lines in Fig. 1. Our re-
sults indiate that the seondary star is responsible for 84%
Table 2. Modeled IP Peg parameters
J H Ks
i 84o ± 5o 85o ± 3o 87o ± 2o
q 0.43± 0.10 0.42 ± 0.20 0.44 ± 0.03
Fs (mJy) 9.9± 2.0 11.5 ± 2.5 10.1± 1.6
Fs/FT (82± 5)% (84± 5)% (88± 4)%
Is/I0 0.03± 0.02 0.04 ± 0.03 ≤ 0.01
ps (3± 2)
o (2± 1)o 
Fs is the ux of the seondary and FT is the total ux
and 88% of the total brightness in the H and Ks bands, re-
spetively, in agreement with the results of Szkody &Mateo
(1986) and F99. Littlefair et al. (2001) tted an M4V type
star to theKs band spetrum of IP Peg to nd that the se-
ondary star ontributes 62% of the total light at that wave-
length. However, as pointed out by Harrison et al. (2005a,
b), the depth of the absorption lines from the seondary star
in CVs are redued with respet to isolated stars of similar
spetral type, perhaps by some atmospheri eet. In this
ase, attempts to math the depth of the absorption lines
will systematially underestimate the ontribution of the
seondary star to the total light. This eet may aount
for the lower ontribution inferred by Littlefair et al. (2001).
Alternatively, the dierent inferred ontributions ould be
a onsequene of hanges is dis brightness with time, with
a slightly brighter dis leading to a lower seondary star
relative ontribution at the epoh of the observations of
Littlefair et al. (2001). It is hard to test this possibility
beause IP Peg is at the limit of detetion for amateur
astronomer while in quiesene, showing a typial satter
of 0.2 mags in its historial light urve. We analyzed the
AAVSO historial light urve of IP Peg and found no dis-
ernible (larger than 0.2 mag) dierene in brightness state
between the epohs of the observations of F99, Littlefair et
al (2001) and this work.
The tted Gaussian spot on the inner fae of the se-
ondary star is roughly entered at the L1 point and gives a
negligible ontribution to the total ux in all bands within
the unertainties, indiating that irradiation eets are not
signiant in the IR ontinuum.
An inlination versus mass ratio diagram for IP Peg
is shown in Fig. 2, where the derived range of values of
q and i for the three bands are depited. There is good
agreement between the results from the three bands, with
the dispersion of the mass ratio values being muh smaller
than the formal errors of the determinations in the J and
H bands. The best t (lower χ2 value) is obtained for the H
band data. Beause this light urve is the average of data
from three orbits, it has the most omplete phase over-
age, higher S/N, and lower inuene from ikering. The
J and Ks light urves inlude data from only one orbit
with inomplete phase overage, although the lak of phase
overage of the J band data does not aet the t of its
ellipsoidal variation. In spite of their smaller formal error,
the results for the Ks band are less reliable sine only a
small part of the light urve was used for the t. Taking
into aount the onstraint derived from the inferred width
of the white dwarf elipse (Set. 3.1), our best solution is
i = 84.5o and q = 0.42. This set of parameters is indiated
by a lled irle in Fig. 2.
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Fig. 2. Inlination - mass ratio diagram. Dashed lines in-
diate the relations for ∆φ = 0.0863 (upper urve) and
∆φ = 0.0918 (lower urve) and braket the range of (i,q)
values of Wood & Crawford (1986). Vertial dotted lines
mark the range of values determined by Watson et al.
(2003). Three boxes indiate the 1 − σ limits on the de-
rived parameters from the JHKs band data. A ross, an
open irle, an open diamond and a lled irle depit the
formal solution of Wood & Crawford (1986), Beekman et
al (2000), Marsh (1988) and this work, respetively.
Figure 2 also ompares our results with those in the
literature. The binary parameters derived from the ellip-
soidal variations in the J and H band data are in rea-
sonably good agreement with those of Wood & Crawford
(1986), Beekman et al. (2000) and Watson et al. (2003).
The solution of Marsh (1988) relies on inferring the white
dwarf radial veloity from the wings of the emission lines
from the dis. This tehnique is prone to large unertainties,
partiularly when there is signiant phase oset between
the spetrosopi inferior onjuntion of the seondary star
and the observed mid-elipse time - as it is in the ase in
IP Peg.
Stellar atmosphere models (e.g. Kuruz 1979) and avail-
able stellar atlases (e.g. Streker et al. 1979) are not suitable
for tting IR uxes of very ool stars, either beause of a
poor spetral resolution and sampling in the IR or beause
the range of temperatures of the grid/atlas does not inlude
stars ooler than ≃ 3300K. Therefore, we tted blak bod-
ies to the extrated JHKs uxes of the seondary star of IP
Peg in order to estimate its temperature and distane. The
best t solution yields Tbb = 3100 ± 500K and a distane
of dbb = (115± 30)pc, assuming R2 = 0.4R⊙ (Beekman et
al. 2000). The results are onsistent with those of Szkody
& Mateo (1986).
3.3. 3-D elipse mapping
After subtrating the ellipsoidal variation orresponding
to the adopted binary parameters from eah light urve,
elipse mapping tehniques (Baptista & Steiner 1993) were
applied to the residual urves to derive maps of the sur-
fae brightness distribution of the IP Peg aretion dis in
JHKs.
Our elipse map is a 3D surfae onsisting of a 51 x
51 pixels dis grid with a half-opening angle α (the angle
between the midplane and the dis surfae) overing the
primary Rohe lobe (up to R = RL1) plus a irular rim
of 101 pixels at R = Rbs, the inferred radius of the BS.
With this geometry there is no need to extrat the orbital
hump from the light urve (F99), sine it an be aounted
for by emission from the irular rim. We also note that
this geometry allows the dis brightness distribution to ex-
tend beyond the radial position of the BS. The radius of
the BS was derived as follows. We measured the BS mid-
ingress/egress phases (φbi = −0.027, φbe = +0.983) in the
J band light urve after orreting for φ0 (Set. 3.1). For
the adopted binary geometry (i,q), the pair of (φbi, φbe)
values maps into an x-y position in the orbital plane whih
onsistently falls along the ballisti stream trajetory. The
BS radius is taken as the radius of the irle that passes
through this position, Rbs = 0.58RL1. The adopted binary
geometry and the BS radius are depited in Fig. 4. For the
elipse mapping modeling, only the data in the phase range
[-0.15;0.15℄ was analyzed.
We performed Monte Carlo simulations to estimate the
unertainties of the reonstrutions (Rutten et al. 1992).
For a given light urve a set of 100 artiial light urves
is generated, in whih the data points are independently
and randomly varied aording to a Gaussian distribution
with standard deviation equal to the unertainty at that
point. The light urves are tted with the elipse mapping
ode to produe a set of randomized elipse maps. These
are ombined to produe an average map and a map of
the residuals with respet to the average, whih yields the
statistial unertainty at eah pixel. The unertainties ob-
tained with this proedure are used to draw the ontour
maps of Fig. 3, and to estimate the unertainties in the de-
rived radial brightness-temperature distributions (Fig. 5)
and the ux-ratio diagram (Fig. 6).
The dis half-opening angle α is a free parameter in the
problem. The entropy of the elipse map is a useful tool
in gauging the orret value of α. Overestimating (under-
estimating) the dis half-opening angle introdues spurious
strutures in the dis side losest to (farther from) the L1
point. Beause the entropy is a measurement of the smooth-
ness of the elipse map, these strutures are agged with
higher entropy. Therefore, one may estimate the value of α
by performing a set of reonstrutions for a plausible range
of α and seleting the one with lowest entropy. Simulations
(Borges, Baptista & Catalan 2007) show that it is indeed
possible to use the entropy as a riterion to infer the value
of α, but that the map of lowest entropy underestimates
the orret α by 1.5− 2.0o, depending on the binary geom-
etry (i, q). We onrmed this nding with areful simula-
tions done with the spei geometry of IP Peg, for whih
we nd the oset to be 1.5o. In order to infer the value
of α we used the Ks band light urve, whih has the most
symmetri elipse shape and the smallest ontribution from
the orbital hump. We tested a range of α values between
0o−8o with inreasing steps of ∆α = 0.5o. The map of low-
est entropy and highest degree of symmetry is obtained for
α = 0.5o. Aording to the above simulations, we adopted
α = 2o for the elipse mapping reonstrutions. This is
onsistent with omputations of vertial dis struture by
Meyer & Meyer-Hofmeister (1982), Smak (1992) and Huré
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Fig. 3. Left: The light urves after orretion of ellipsoidal variation (dots) and the best t 3-D elipse mapping model
(solid urve). Vertial dotted lines mark the ingress/egress phases of the white dwarf. Middle-left: Corresponding dis
brightness distributions on a logarithmi gray-sale. Dotted lines show the Rohe lobe. A solid ontour line is overploted
on eah elipse map to indiate the 3-σ ondene level on the intensities. The logarithmi intensity sale is indiated by
the horizontal gray-sale bar (in erg/cm2/s/Hz/str). Middle-right: Asymmetri dis brightness distributions. Dotted
lines show the Rohe lobe, the ballisti stream trajetory and a dis of radius 0.58RL1. Right: Dis rim brightness
distributions. The x-axis indiates the azimuth with respet to the line joining both stars. A vertial dotted line marks
the azimuthal position of the bright spot. The dotted lines show the 1-σ limits on the intensities.
& Galliano (2000), whih predit α ≃ 1.5o − 2.0o for mass
aretion rates


M = 10−11 − 10−10M⊙yr−1.
Light urves, orresponding elipse maps and dis rim
brightness distributions are shown in Fig. 3. For a better
visualization of strutures in the dis brightness distribu-
tions the asymmetri dis omponents are also shown. A
symmetri omponent is obtained by sliing the dis into a
set of radial bins and tting a smooth spline funtion to the
mean of the lower half of the intensities in eah bin. The
spline-tted intensity in eah annular setion is taken as the
symmetri dis-emission omponent. This proedure pre-
serves the baseline of the radial distribution while removing
all azimuthal struture. The asymmetri dis omponent is
then obtained by subtrating the symmetri dis from the
original elipse map (Saito & Baptista 2006). The asym-
metri dis omponent aounts for 30%, 20% and 16% of
the total ux in J , H and Ks, respetively.
The maps show enhaned emission along the ballisti
stream trajetory lose to the white dwarf, providing ev-
idene for gas stream overow in IP Peg. The maximum
of the enhaned emission is wavelength-dependent, our-
ring farther downstream in J than in Ks, possibly beause
of the progressively larger amount of gravitational energy
released in ollisions as the stream approahes the white
dwarf. This tail of enhaned emission along the ballisti
stream ahead of the BS position is reminisent of that seen
in the dwarf novaWZ Sge (Spruit & Rutten 1998; Skidmore
et al. 2000). Spruit & Rutten (1998) point out that suh a
tail is to be expeted as a onsequene of the post-impat
hydrodynamis of the stream.
A BS is expeted to form at the intersetion of the bal-
listi stream with the dis outer edge. The ballisti stream
hits the 0.58RL1 dis rim at an azimuth θ = 15.6
o
with
respet to the line joining both stars
2
. The JHKs dis rim
distributions (Fig. 3) show a bright spot at an azimuth of
2
The dierene between the value of θ for the adopted q=0.42
geometry and for the alternative q=0.5 ase (Wood & Crawford
1986) is negligible.
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Fig. 4. The geometry of IP Peg. A lled irle marks the
expeted position of the BS; an open irle depits the ob-
served azimuth of maximum emission along the dis rim.
An arrow indiates the diretion of maximum emission of
the orbital hump, tilted forward 54o from the azimuthal
position of the bright spot. The large irle orresponds to
a dis of radius 0.58RL1.
θ ≃ 20o with azimuthal extent (full width half maximum)
∆θ ≃ 30o, in reasonable agreement with the predited po-
sition of the BS. The intensity of the spot dereases with
inreasing wavelength, in aordane with the orrespond-
ing redution in the height of the orbital hump. There is
also a tendeny for the entroid of the spot to move towards
shorter azimuths with inreasing wavelengths.
It is interesting to ompare the azimuthal position of
the BS in the dis rim map with that of the orbital hump
maximum. The azimuth of hump maximum is θ ≃ 74o
(φmax ≃ −0.2, Fig. 1), or ≃ 54o forward from the azimuth
of the BS. Figure 4 shows a shemati diagram of IP Peg,
where the oset between the azimuth of the BS and that of
the maximum hump emission is lear. A similar eet has
been seen in other dwarf novae. If BS emission is produed
in a shok between dis and stream gas, the maximum emis-
sion will be normal to a diretion between the dis and
stream ows (Warner 1995, p.81). For example, in OY Car
the hump maximum is displaed≃ 19o forward with respet
to the azimuth of the BS (Wood et al 1989). The oset in
IP Peg is larger. Here, the azimuth of orbital hump maxi-
mum oinides with the normal to the gas stream at the BS
position, suggesting that the impat shok lays along the
stream trajetory with negligible inuene from dis ma-
terial. We note that the phase of maximum of the orbital
hump in the NIR-light urves does not oinide with the
one in the optial (φ = 0.9, see Fig. 1 of Wood & Crawford
1986), as already notied by F99.
Figure 5 shows the JHKs dis radial brightness tem-
perature distributions for an assumed distane of d = 115
p. Dotted lines show the T ∝ R−3/4 law of opaque steady-
state diss for mass aretion rates of


M= 10−10, 10−11 and
10−12M⊙yr
−1
, assuming M1 = 1.05M⊙ (Beekman et al.
2000) and R1 = 0.0124R⊙ (derived using the white dwarf
mass-radius relation of Nauenberg 1972).
The inner dis (R < 0.3RL1) shows a at brightness
temperature distribution reminisent of those seen in qui-
esent dwarf novae (e.g., Wood et al. 1986, 1989), with in-
ferred temperatures of ≃ 3500 K at R = 0.1RL1 for the
JHKs bands within the unertaities. The onsisteny of
the inferred brightness temperatures in the three bands
suggests that the inner dis is optially thik with emis-
sion lose to blakbody. The temperatures derease in the
outer dis regions (R > 0.3RL1) in reasonable agreement
with the T ∝ R−3/4 law in the J and Ks bands and at a
lower shallow gradient in the H band. There is marginal ev-
idene
3
of higher brightness temperatures in the outer dis
regions in the H band with respet to the J and Ks bands.
If real, suh H band exess would indiate that the gas in
the outer dis regions is opaque with a vertial temperature
gradient (suh that the H− free-free and bound-free opa-
ity minimum at 1.6 mirons leads to a relative inrease in
outoming ux in the H band with respet to the J and
Ks bands). This is hard to reonile with the results of
Littlefair et al (2001), whih suggest that the outer regions
of the aretion dis in IP Peg are optially thin, unless the
soure of the observed mirror elipses is an optially thin
hromosphere above the (optially thik) aretion dis.
A ux-ratio diagram of the aretion dis of IP Peg is
shown in Fig. 6. The olors for the symmetri omponent of
the elipse maps are plotted together with relationships for
blakbody (BB), main-sequene stars (MS) and optially
thin H I emission (HI). The BB and HI spetra were om-
puted with the synphot/IRAF pakage. The BB and H I
uxes are extrated by onvolving the respetive spetrum
with the response funtion of eah infrared passband, and
the ux ratios are omputed. The MS olors were extrated
from Bessell & Brett (1988) and transformed to the 2MASS
photometri system using the relations of Carpenter (2001).
The unertainties in the dis olors are quite large and in-
rease towards the outer (and fainter) dis regions. The un-
ertainties in the olors are dominated by the lower S/N of
the Ks band light urve and elipse map. The olors of the
symmetri inner dis (R<0.3 RL1) are onsistent with those
of ool opaque radiators (with Tcolor ≃ 3000− 5000 K) at
the 1-σ ondene level. The dis beomes redder (ooler)
with inreasing radius and starts to deviate from the BB re-
lationship for R > 0.3RL1. The observed trend in outer dis
olors is onsistent with that inferred from the brightness
temperature distributions and again suggests an H-band
exess ux for the outer dis regions. The dis olors move
toward the upper left of the diagram, in the diretion op-
posite to that expeted for optially thin gas. While the
error bars are large and the diagram should be viewed with
aution, the results suggest that the outer dis of IP Peg is
opaque with a vertial temperature gradient.
3.4. The seondary elipse
Figs. 1 and 7 shows the model urve from the ellipsoidal
variation together with the data. It is lear from the J and
H-band data that some oulting medium is overing part
of the light from the seondary star between phases 0.45
3
The observed dierene in temperature is at the 1σ limit.
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Fig. 5. Left: Dis temperature brightness-distribution on
a log sale for the symmetri dis omponent. The solid
urve onneting the lled squares is the radial prole
for the dis and the dashed urves indiate the 1-σ lim-
its obtained with Monte Carlo simulations. Dotted lines
show opaque steady-state dis models for mass aretion
rates of


M= 10−10, 10−11 and 10−12M⊙yr
−1
, assuming
M1 = 1.05M⊙ and R1 = 0.0124R⊙. Right: Dis rim
brightness temperature distribution on a log sale. A dotted
line indiates the azimuthal position of the bright spot.
and 0.55. Elipses of the seondary star by the dis were
seen in the H-band data of F99  who pointed out that
the shallow depth of the elipse requires that part of the
intervening aretion dis must be optially thin  and also
in the spetrosopi data of Beekman et al. (2000)  who
dedued that the aretion dis of IP Peg must be opaque to
aount for the depth of the seondary elipse. Littlefair et
al. (2001) found evidene of an elipse of the seondary star
by optially thin parts of the aretion dis from their K-
band time-resolved spetrosopy of IP Peg in quiesene.
Assuming loal thermal equilibrium, they found that the
oulting optially thin gas is quite hot (10000 K < T <
20000 K) and aounts for, at least, the outermost 20 per
ent of the dis. Here we model the seondary elipse to
infer the olors of the oulted seondary star fae and to
estimate the radial extent of the opaque oulting dis.
Assuming the binary geometry derived in setion 3.2,
we simulated the elipse of the seondary star by an opaque
ylinder of radius rd and half-opening angle α and searhed
for the values of rd and α whih minimize the χ
2
of the
t to the data. In doing this we are making the simplisti
assumption that the dis is fully opaque up to a ertain
radius and beomes fully transparent thereafter. If opaity
hanges with radius and height above the dis mid-plane
one expets that a sizeable fration of the dis will partially
transmit the light from the seondary star and a larger
region would be needed to oult the same amount of light.
Therefore, our exerise provides a rough lower limit to the
size of the opaque oulting dis. Having this in mind, the
best-t solutions are rd(J) = 0.19±0.06 RL1, α(J) = (0.7±
0.4)o (orresponding to an oultation of 2.3± 0.4 per ent
of the seondary star light) and rd(H) = 0.22 ± 0.03 RL1,
α(H) = (1.5±0.7)o (oultation of 3.0±0.6 per ent of the
seondary star light), respetively, for the J and H bands.
The seondary elipse and the best-t model urves are
shown in Fig. 7. The model provides a good desription of
the data for phases φ < 0.55 but deviates after the elipse
beause of the (unaounted) ontribution of the orbital
hump to the light urve. Assuming a dis radius of 0.58
RL1, this suggests that at least the inner ≃ 1/3 of the
aretion dis is opaque in IP Peg in quiesene.
We tted a blakbody model to the extrated J and H
band deit uxes at mid-seondary elipse to nd a tem-
perature of the oulted, inner hemisphere of the seondary
star of Toc = 2300± 600K. After orreting for the gravity
darkening eet, this beomes T ′oc = 2500± 700 K, onsis-
tent at the 1σ limit with the blakbody temperature of the
(outer hemisphere of the) seondary star derived in setion
3.2. The agreement between the inferred temperatures of
the inner and outer hemispheres of the seondary star is in
line with the onlusion derived from the ellipsoidal varia-
tion t, namely, that illumination eets on the seondary
star of IP Peg in quiesene are negligible in the NIR on-
tinuum. The oulting area orresponds to ≥ 13 per ent
of the projeted surfae of the seondary star at phase 0.5.
4. Disussion
F99 found a double-humped modulation in their H-band
light urve after subtration of the ellipsoidal variation from
the seondary star (see their Fig.5). There is no evidene
of double-humped modulation in our data. Sine the phas-
ing of their data was not seured by a lear identiation
of the white dwarf egress feature, their analysis may be af-
feted by errors in the assumed binary phases. F99 added a
phase oset of ∆φ = +0.027 to their light urves to orret
for deviations of the ephemeris. However, preise measure-
ment of white dwarf elipse egress times from ontemporary
observations of IP Peg in quiesene indiate a phase o-
set of ∆φ = +0.008 for the epoh of the F99 observations
(Baptista et al. 2005). Thus, the light urves of F99 are sys-
tematially shifted by δφ = +0.019 towards positive phases.
Indeed, there is an upward kink in the ux at phase≃ +0.06
in their data (best seen in their Fig.11) whih seemingly or-
responds to the white dwarf egress, suggesting a phase oset
≃ +0.015 with respet to the expeted white dwarf egress
phase. Simulations show that suh a small phase oset be-
tween the data and the ellipsoidal variation model would
be enough to introdue a spurious double-humped modu-
lation in the light urve after removal of the ontribution
from the seondary star. The phase oset also displaes the
whole dis brightness distribution towards the trailing side
of the dis (the one ontaining the gas stream) and would
aount for muh of the oset between the expeted posi-
tion of the BS and the position derived from their elipse
map.
The modeled ellipsoidal variation also indiates that the
irradiation of the seondary star surfae is negligible in the
infrared. This result is in apparent ontradition with those
of Davey & Smith (1992) and Watson et al (2003). Despite
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Fig. 6. Flux-ratio diagram. A solid line indiate the olors
of blak body emitters. Illustrative temperatures along the
sequene are indiated by labels. A dashed line shows the
olors of optially thin emitting gas with three tempera-
tures labeled. A dotted line indiates stellar main-sequene
olors, with some spetral types labeled. Filled squares on-
neted by solid lines indiate the olor of the symmetri dis
omponent. The error bars represent the standard deviation
with respet to the mean value in eah radial bin. Labels
mark the radius in units of RL1.
the dierenes in the results, both works nd a signiant
derease in NaI λ8190Å line strength over the inner fae of
the seondary star in IP Peg as a onsequene of irradiation
eets. We remark that, if the irradiated energy does not
penetrate deeply in the atmosphere but mainly heats the
upper atmospheri layers, it may redue the vertial tem-
perature gradient (and, therefore, lead to a derease in NaI
absorption line strength) without aeting the ontinuum
radiation arising from deeper atmospheri layers. This is
in line with the investigation of irradiation eets on CV
seondaries by Barman, Haushildt & Allard (2002). Their
preliminary study shows that, for a typial CV, irradiation
leads to a signiant hange in the temperature struture
of the uppermost atmospheri layers of the seondary star
(where the NaI line omes from) leaving the deeper layers
(the τ = 1 region where the IR ontinuum is produed)
mostly unaeted.
Our dis temperatures are higher than those inferred
by F99. We nd temperatures of ∼ 3500K in all bands
while they nd temperatures of ∼ 3000K in H . This is
in line with the fat that our H-band light urve has 2.1
mJy more ux than the 1994 Sep light urve of F99 (at
the referene phase φ = 0.25, where the ontribution of
BS anisotropi emission should be minimal). Our data and
those of F99 were olleted, respetively, 5 and 6 weeks after
an outburst. The observed dierene in dis temperatures
ould be explained if the aretion dis of IP Peg slowly
ools down during quiesene. Alternatively, the observed
dierene in light urve ux and dis temperatures ould
be aounted for by the 10% unertainty in ux alibration
of both works.
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Fig. 7. J and H-band light urves of IP Peg (open sym-
bols) with modeled ellipsoidal variation without (dashed
line) and with (solid lines) seondary elipse inluded.
5. Summary
We modeled the ellipsoidal variations in JHKs light urves
of IP Peg to estimate the system parameters and the ontri-
bution of the seondary to the total light (Table 2). Using
the alibrated uxes we inferred an equivalent blakbody
temperature of 3100± 500 K, and we derived a distane to
the system of 115± 30 p.
Using 3D elipse mapping tehniques we derived the
surfae brightness distribution of the IP Peg aretion dis.
With the aid of the entropy of the elipse map, we nd
a dis half-opening angle of α = 2o. The dis brightness
distribution shows an asymmetri struture along the gas
stream trajetory in the inner dis regions lose to the white
dwarf in all bands (R ∼ 0.1RL1), indiating the existene
of gas stream overow in IP Peg.
The amplitude of the orbital hump dereases with in-
reasing wavelength. The hump is modeled as an extended
(∆θ ≃ 30o) bright spot loated at the edge of the aretion
dis with brightness temperatures of ∼ 10000K in J and
H and ∼ 6000K in the Ks band. The phase of maximum
of the orbital hump in NIR-light urves, φ = 0.74, does not
oinide with the one in the optial (φ = 0.9, see Fig. 1
of Wood & Crawford 1986) nor does it oinide with the
phase of maximum emission of a radially emitting bright
spot. The elipse position of the bright spot diers from its
theoretial azimuthal position by ∼ 5o and its diretion of
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maximum emission (inferred from the light urve) diers
by ∼ 54o from the diretion of radial emission.
In order to math the depth and width of the seondary
elipse, a sizeable fration of the aretion dis must be
opaque. The inferred temperatures of the inner and outer
hemispheres of the seondary star are the same to within
the unertainties, indiating that illumination eets are
negligible for the IR ontinuum.
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